translation is a highly regulated process that is perturbed in human cancers, often through activation of the PI3K/mTOR pathway which impacts directly on the ribosome recruitment phase of translation initiation. While significant research has focused on "drugging" components of the PI3K/mTOR network, efforts have also been directed towards inhibiting eukaryotic initiation factor (eIF) 4F-dependent translation. Small molecule inhibitors of this complex have been identified, characterized, and used to validate the rationale of targeting this step to curtail tumor cell growth and modulate chemotherapy response. one such class of compounds are the rocaglates, secondary metabolites from the plant genus Aglaia, which target the RNA helicase subunit of eIF4F, eIF4A. Here we explore the ability of synthetic derivatives of aglaiastatins and an aglaroxin derivative to target the translation process in vitro and in vivo and find the synthetic derivative oxo-aglaiastatin to possess such activity. Oxo-aglaiastatin inhibited translation in vitro and in vivo and synergized with doxorubicin, ABT-199 (a Bcl-2 antagonist), and dexamethasone when tested on hematological cancer cells. The biological activity of oxo-aglaiastatin was shown to be a consequence of inhibiting eIF4A1 activity.
Scientific RepoRts | (2019) 9:1265 | https://doi.org/10.1038/s41598-018-37666-5 synthesized and do not inhibit translation -highlighting the critical nature of the furan core for activity (Suppl. Fig. 1 ) 18 . One of the most studied rocaglates, silvestrol, exhibits potent anti-proliferative activity against many cancer cell lines in vitro and in vivo in xenograft models (reviewed in ref. 3 ). Structure-activity relationship studies, facilitated by the development of an enantioselective synthesis approach 19 have led to the identification of a synthetic derivative, (−)-CR-1-31-b (Fig. 1a ) -a hydroxamate-containing rocaglamide with improved biological activity and anti-cancer properties 20 . Among the cyclopenta[b]benzofuran metabolites, aglaiastatins and aglaroxins have not been as extensively characterized (Suppl. Fig. 1 ). These molecules differ from rocaglates by the presence of a pyrimidone unit fused to the cyclopenta[b]benzofuran core while retaining the carbonyl and tertiary amine functional groups that could participate in target recognition. Herein, we document the inhibitory effect of select synthetic aglaiastatin derivatives towards translation and compare their relative activity to previously studied rocaglates.
Results
Assessment of In Vitro Activity. We undertook a comparative assessment of the synthetic, racemic aglaiastatin derivative (CMLD010582), the synthetic derivative (+)-oxo-aglaiastatin (CMLD011580), and (−)-aglaroxin C (CMLD010833) to the two active rocaglates, (−)-CR-1-31-b and (−)-RocA ( Fig. 1a ). CMLD010582 was synthesized as a potential stable analogue of aglaiastatin, a compound known to undergo facile oxidation to the pyrimidinone aglaroxin C 21 . Our initial comparison involved scoring for translation inhibitory activity in vitro in Krebs-2 extracts programmed with a FF/HCV/Ren bicistronic mRNA (Fig. 1b) . This reporter encodes for firefly luciferase (FLuc) which reports on cap-dependent protein synthesis and renilla luciferase (RLuc) which is driven by the hepatitis C viral (HCV) internal ribosome entry site (IRES) and recruits ribosomes in an eIF4F-independent manner. Among the tested compounds, (−)-CR-1-31-b was the most potent showing an IC 50 of ~100-200 nM towards inhibition of cap-dependent firefly production, while affecting renilla expression only at the highest tested concentration ( Fig. 1b ). CMLD010582 was ineffective at inhibiting cap-or HCV IRES-driven translation. CMLD010833 displayed an IC 50 of ~10 μM towards firefly production, while not affecting renilla synthesis. CMLD011580 blocked firefly production with an IC 50 of ~1 μM, a ~5-10-fold lower potency compared to (−)-CR-1-31-b but only ~1.5-fold lower than RocA (IC 50 of ~700 nM) ( Fig. 1b ). CMLD011580 also inhibited cap-dependent translation in rabbit reticulocyte lysates and wheat germ extracts (Suppl. Fig. 2a ,b). When tested in HEK293 cells transfected with a Ren/HCV/FF expression vector, CMLD011580 exhibited an IC 50 = ~41 nM, compared to (−)-CR-1-31-b which showed an IC 50 = ~4 nM towards inhibition of cap-dependent renilla luciferase production ( Fig. 1c ). Similar to (−)-CR-1-31-b, acute exposure of cells to CMLD011580 blocked global 35 S-methionine incorporation and showed no impact on RNA transcription (Suppl. Fig. 2c ). As shown for other rocaglates 22, 23 , CR-1-31-b and CMLD011580 induced cell cycle arrest at the G2/M boundary (Suppl. Fig. 2d ). Also, as previously shown for silvestrol 5 , CR-1-31-b and CMLD011580 slightly stimulated eIF4A RNA helicase activity (Suppl. Fig. 2e ) (see Discussion). Collectively, these results indicate that the (+)-oxo-aglaiastatin CMLD011580 selectively inhibits cap-dependent translation in vitro and in cells.
Oxo-aglaiastatin targets eIF4A1. To determine if the observed inhibition of translation by CMLD011580
was a consequence of perturbing eIF4A activity, we took advantage of CRISPR-modified cells harboring engineered rocaglate-resistant eIF4A1 (F163L) alleles 5 . As previously reported, translation in eIF4A1 em1JP (Myr-Akt) cells harboring the eIF4A1 (F163L) alleles is resistant to inhibition by CR-1-31-b, whereas in the control Rosa26 em1JP (Myr-Akt) cells, protein synthesis is sensitive to (−)-CR-1-31-b ( Fig. 2a , left panel). A similar response was observed when these two cell lines were incubated in the presence of increasing concentrations of CMLD011580 ( Fig. 2a , right panel). Cells expressing the eIF4A1 F163L mutant protein were resistant to protein synthesis inhibition by CMLD011580 at concentrations up to 900 nM. The toxicity of (−)-CR-1-31-b and CMLD011580 was also substantially dampened in eIF4A1 em1JP (Myr-Akt) cells compared to Rosa26 em1JP (Myr-Akt) cells ( Fig. 2b ). CMLD011580 exhibited an IC 50 for cytotoxicity of ~2 μM and 50 nM towards eIF4A1 em1JP (Myr-Akt) and Rosa26 em1JP (Myr-Akt) cells, respectively. For (−)-CR-1-31-b, these were in the range of >300 nM and ~15 nM respectively. RocA has been shown to stimulate binding of eIF4A1 to RNAs harboring polypurine sequences 8 . (−)-CR-1-31-b and CMLD011580 also demonstrated such a sequence-dependent stimulation with eIF4A1 in presence of a (AG) 8 -repeat RNA. This effect was not observed when a (UC) 8 -repeat RNA was used as the target ligand, indicating that CMLD011580 -mediated clamping of eIF4A1 is polypurine-selective ( Fig. 2c ).
Assessment of CMLD011580 activity in vivo. Preliminary pharmacological assessment of CMLD011580
indicated that it had a plasma half-life of ~60 min, was significantly bound to plasma (96% bound after 4 hours), and showed a high clearance rate by mouse liver microsomes ( Table 1 ). We therefore assessed if CMLD011580 could block translation in vivo by monitoring the ability of this compound to disrupt polysomes in mouse livers. Polysomes were analyzed 1 and 3.5 h following intraperitoneal administration of CMLD011580 and revealed suppression of translation at 1 h post-injection, as visualized by the redistribution of a significant proportion of polysomes into free ribosomes ( Fig. 3a ). This effect was significantly reversed by 3 h post-injection, although it was sustained with CR-1-31-b ( Fig. 3a ), which has a longer serum half-life (100% of compound remaining after 3 hrs 20 ). These results indicate that CMLD011580 can inhibit protein synthesis in vivo, but the effects are not as long lasting as with CR-1-31-b. We saw no signs of toxicity associated with sustained injections of CMLD011580, as assessed by body weight measurements and grooming behaviour of the animals (Suppl. Fig. 3a ). Additionally, we found that CMLD011580 is not a substrate for the multi-drug transporter, Pgp-1, displaying the same IC 50 against HeLa cells lacking or over-expressing Pgp-1, in contrast to silvestrol, where the Pgp-1 expressing HeLa cells were ~100-fold more resistant (Suppl. Fig. 3b ,c).
CMLD011580 synergizes with doxorubicin. We then took advantage of the Eμ-Myc lymphoma model to assess the in vivo chemosensitization potential of CMLD011580. Eμ-Myc mice harbor a transgene in which c-MYC expression is driven by the IgH enhancer and invariably develop B cell lymphomas 24 . Specific genetic lesions can be introduced into this model with the aim of defining tumor initiation events and response to chemotherapy 25 . Mice bearing Myr-Akt/Eμ-Myc tumors, which exhibit deregulated mTORC1 activity and an increased dependency on eIF4F 26 , received either CMLD011580, CR-1-31-b, doxorubicin (DXR), or a combination of DXR with either compound (Fig. 3b ). None of the tested compounds lead to tumor regression when delivered as single agents, however both CMLD011580 and (−)-CR-1-31-b synergized with DXR to significantly extend tumor-free survival. These results indicate that despite the shortened serum life of CMLD011580 compared to CR-1-31-b, the former compound is effective at synergizing with DXR, indicating that a transient inhibition of protein synthesis in vivo is sufficient for this effect.
CMLD011580 synergizes with the BCL2 inhibitor, ABT-199. Given these results towards murine B cell lymphomas, we assessed the cytotoxic activity of CMLD011580 against a number of human hematological cancer types that included multiple myeloma, diffuse large B cell lymphoma (DLBCL), mantle cell lymphoma (MCL), acute myeloid leukemia (AML), Burkitt's lymphoma (BL), T-cell (TCL) and B-cell (BCL) lymphoma ( Fig. 4a-h ). In general, CMLD011580 was effective at inducing cell death in these lines -displaying an IC 50 in the 10-50 nM range. These results indicate that CMLD011580 is effective against a set of cancer cell lines of different hematological origins.
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SC-1, a follicular non-Hodgkin lymphoma subtype harboring chromosomal rearrangements in MYC, BCL6 and BCL2, was among the cell lines found to be most sensitive to (−)-CR-1-31-b and CMLD011580 (Fig. 4b ). Such lymphomas are characterized as triple-hit lymphomas (THL) and exhibit highly aggressive clinical behaviour and poor prognosis 27 . We found that (−)-CR-1-31-b and CMLD011580 potently inhibited protein synthesis in SC-1 cells at IC 50 s of 15 and 30 nM respectively (Fig. 5a ). This activity translated into high cytotoxicity in a dose-dependent manner through induction of a strong apoptotic response (Fig. 5b,c) . The synthesis of the short-lived c-MYC and MCL-1 proteins were curtailed following a 5 h exposure of SC-1 cells to both compounds, whereas levels of the longer lived Bcl-2 protein was not affected during this acute treatment ( Fig. 5d ). These results lead us to test whether CMLD011580 could synergize with the potent and selective BCL-2 inhibitor, ABT-199. Indeed, when combining either CMLD011580 or (−)-CR-1-31-b with ABT-199, we observed a synergistic effect in the drug combinations at concentrations as low as 16 and 6.3 nM for CMLD011580 and CR-1-31-b, respectively ( Fig. 5e ).
CMLD011580 synergizes with dexamethasone in multiple myeloma. We previously found that multiple myeloma cells are quite sensitive to rocaglates 28 . We thus assessed the activity of CMLD011580 against the multiple myeloma cell line JJN3. This compound caused a rapid depletion of protein synthesis as observed by 35 S-methionine incorporation, with an IC 50 of ~90 nM after 1 h exposure ( Fig. 6a ). (−)-CR-1-31-b proved to be more potent with an IC 50 of ~15 nM (Fig. 6a ). The observed inhibition of translation was not a consequence of eIF2α phosphorylation (Suppl. Fig. 4 ). Both compounds were cytotoxic against JJN3 cells ( Fig. 6b ; CMLD011580 IC 50 = ~30 nM, (−)-CR-1-31-b IC 50 = 5 nM) and induced a potent apoptotic response in cells as assessed by annexin V and PI staining ( Fig. 6c ). As previously reported for rocaglates, CMLD011580 inhibited MYC mRNA translation ( Fig. 6d ,e) 5, 28 .
We previously found that the rocaglate silvestrol could synergize with dexamethasone (DEX) to induce cell death in multiple myeloma cells 28 and therefore assessed if CMLD011580 would show a similar behaviour ( Fig. 7a) . A series of extended titrations were performed with CMLD011580 and DEX on dexamethasone-resistant JJN3 cells 28 and revealed significant synergy (combination index below 0.25) for the DEX/CMLD011580 combination at concentrations that extended as low as 2 nM and over a 2-log 10 concentration range ( Fig. 7a ). (−)-CR-1-31-b also displayed synergy against JJN-3 cells and this effect extended to 0.4 nM (Fig. 7a ). We also assessed CMLD011580's cytotoxic activity against primary multiple myeloma patient samples and observed significant depletion of CD138 + tumor cells following 72 h exposure to CMLD011580 or (−)-CR-1-31-b in 3 out of 4 tested samples (Fig. 7b) . These results indicate that CMLD011580 is effective as a single agent towards multiple myeloma cells and can synergize with dexamethasone.
Discussion
Herein, we compare the translation inhibitory activity of two aglaiastatin analogues (CMLD010582 and CMLD011580) as well as aglaroxin C (CMLD10833) to one of the more potent rocaglate hydroxamates, (−)-CR-1-31-b (Fig. 1a ). CMLD010582 showed no activity at inhibiting in vitro translation in comparison to the natural product, aglaroxin C (CMLD010833) (Fig. 1b) , likely due to the additional angular methyl group present in the derivative CMLD010582. In vitro, the synthetic derivative oxo-aglaiastatin CMLD011580 was more potent than CMLD010582 and CMLD010833 (Fig. 1b) , while in vitro and ex vivo CMLD011580 showed a ~10-20 fold decreased potency relative to (−)-CR-1-31-b at inhibiting translation and inducing cell death (Figs 1, 5 and 6 ). The biological properties of CMLD011580, like that of rocaglates, appear to be primarily a consequence of targeting eIF4A1 (Fig. 2 ). CMLD011580 and CR-1-31-b causes clamping of eIF4A1 onto RNA enriched for poly (AG) 8 sequences (Fig. 2c ), a feature also shown for RocA and which could result in inhibition of initiation by interfering with scanning ribosomes 8 . Clearly not all mRNAs are substrates for this clamping-mediated inhibition, since compounds did not stimulate binding to poly (UC) 8 and we observed stimulation of unwinding of a dsRNA duplex with a poly(A) rich single-stranded 5′ end extension (Suppl. Fig. 2e ) 5 . CMLD011580 induced cell death in a number of cell lines of different hematological origins (Fig. 4) , ex vivo showed synergy with the glucocorticoid dexamethasone against multiple myeloma (JJN3) cells and with ABT-199 towards the THL SC-1 cell line, and in vivo synergized with doxorubicin against Myr-Akt/Eμ-Myc lymphomas (Figs 3, 5 and 7) . In vivo CMLD011580 appeared to inhibit translation in livers of treated mice for a much shorter time period than (−)-CR-1-31-b ( Fig. 3a; 1 h versus 3 h) . These results indicate that although less potent and less stable in vivo, CMLD011580 functions analogously to CR-1-31-b. CMLD011580 has previously been shown to inhibit gene expression in cell lines expressing either a CMV-driven or HSF1-dependent reporter 21 . However, these cell-based assays did not determine which step of gene expression was being targeted. As well, overnight compound exposure was used to assess effects on gene expression, making it difficult to draw conclusions concerning the potency or selectivity towards the translation apparatus from this earlier study. The fact that eIF4A1 em1JP cells, which are derived from NIH/3T3 cells and harbor eIF4A1 alleles containing a F163L mutation which imparts resistance to rocaglates, are also resistant to CMLD011580 (Fig. 2a) indicates that CMLD011580 targets translation through inhibition of eIF4A and is not a pan-DEAD box helicase inhibitor.
CMLD011580 was effective against a number of hematological cell lines with various mutational landscapes. We note that among the cell lines tested, MM1S were the least sensitive to the cytotoxic activity of both CMLD011580 and (−)-CR-1-31-b (Fig. 4h ). Although, we do not understand the molecular basis for this, it is worth mentioning that a single missense mutation in eIF4A1 can lead to rocaglate resistance 5 . It remains to be established if a similar mutation could be responsible for the reduced sensitivity of these cells to CMLD011580 (and (−)-CR-1-31-b). Moreover, the naturally occurring rocaglate silvestrol is a known target of Pgp-1, the product of the multidrug-resistant gene, isoform1 (ABCB1). However, this does not appear to be a property of CMLD011580, as assessed in Hela cells overexpressing Pgp-1 (Suppl. Fig. 3 ). We also do not know if CMLD011580 accumulates to the same levels in the different cell lines studied herein.
We have previously shown that targeting eIF4A with hippuristanol, a small molecule that inhibits eIF4A RNA binding, sensitizes MYC-driven tumors to Bcl-2 targeted therapies 29 . In that study, combining hippuristanol with ABT-737 synergized against Eμ-Myc-driven lymphomas, as well as a number of human lymphoma cell lines. ABT-737 is a Bcl-2 Homology 3 (BH3)-mimetic that induces apoptosis by binding to Bcl-2, Bcl-xL, and Bcl-w, and in the aforementioned study we did not determine if the results were the consequence of inhibiting one specific Bcl-2 family member, some, or all three. Here we demonstrate that targeting Bcl-2 with the more selective inhibitor, ABT-199, is sufficient to synergize with eIF4A inhibition mediated by CMLD011580 in the triple-hit lymphoma cell line, SC-1. Triple hit lymphomas harbor MYC, BCL-2, and BCL-6 rearrangements and have an aggressive clinical course and poor prognosis. The ability of ABT-199 to antagonize BCL-2 and of CMLD011580 to inhibit MYC expression may account for the synergy seen with these two compounds. Additionally, since upregulation of MCL-1 (and BFL-1) can lead to acquired resistance to BCL-2 antagonists 30 , an added benefit of CMDL011580 (and CR-1-31-b) is blockade of MCL-1 translation thus curtailing this particular resistance mechanism.
We also find that CMLD011580 can synergize with the DNA damaging agent, doxorubicin against Myr-Akt/ Eμ-Myc lymphomas in vivo (Fig. 3b) , despite the apparent inhibition of translation exerted by CMDL011580 in vivo being significantly shorter than (−)-CR-1-31-b (Fig. 3a) . These results are consistent with the notion that transient suppression of protein synthesis is sufficient to blunt key cancer dependency networks, among which are pro-survival pathways which enable DXR to trigger cell death. In sum, CMLD011580 targets translation through modulation of eIF4A activity, shows single agent activity in vitro, and can reverse drug resistance in vivo. Future studies will aim to modify the oxo-aglaiastatin core to improve potency as a translation inhibitor. Cell viability assay and median effect analysis. The relative cell growth was measured in 96-well plates using the luminescent detection of CellTiter Glo (Promega) following the manufacturer's instructions. For NIH3T3, 5000 cells were plated per well and incubated in compound for 48 h. For the determination of IC 50 , all suspension cells were plated at 500,000 cells/ml and incubated with increasing drugs concentration for 48 h. All experiments were performed three times. IC 50 values were calculated using a four-parameter non-linear curve-fit analysis using GraphPad Prism 7 software. For synergy assays, 500,000 JJN3 or SC-1 cells were seeded in 96-well plates in the presence of increasing concentrations of drugs. Twenty-four to forty-eight hours later, viability was assessed using CellTiter-Glo. Values obtained were standardized against vehicle (DMSO) control, which was set at 1. To characterize synergy, data were analyzed using the median effect method and CompuSyn 31 . CI values < CI < 0.75 indicates moderate synergy, 0.75 < CI < 1.0 indicates weak synergy, and CI > 1.0 indicates antagonism.
In vivo metabolic labeling studies. Assessment of compound activity on DNA transcription and protein synthesis were performed as follows: Twenty-four hours prior to the experiment, 6 × 10 4 Hela cells were plated in a 24-well plate. Cells were treated with either (−)-CR-1-31-b or CMLD011580 for 45 min before 35 [S]-methionine (150-225 μCi/ml) or 3 [H]-uridine (24 μCi/ml) were added for 10 minutes, after which cells were harvested. 3 [H]-uridine was added to cells in DMEM supplemented with 10% dialyzed FCS. 35 [S]-methionine was added to cells in methionine-free media supplemented with 10% dialyzed FCS. Cells were harvested and lysed in RIPA buffer. Radiolabelled proteins were precipitated on Whatman paper and radiolabelled nucleic acids were extracted by filtration through Whatman GF/C glass fiber filters. Assessment of radioactivity was determined by scintillation counting. All counts were then normalized to protein concentration, determined with a DC Protein Assay (Bio-Rad)
In vitro translation assays. In vitro translation assays were performed in Krebs-2 cell extracts at a final mRNA concentration of 4 μg/ml. The firefly and Renilla luciferase activities were measured on a Berthold Lumat LB 9507 luminometer (Berthold technologies). All in vitro transcriptions and translation assays were performed as previously described 32 .
Fluorescence polarization assay. Purified eIF4A1 (100 nM) was incubated with 10 nM of 5′FAM-labelled RNA (IDT) in the presence of 0.5% DMSO or increasing concentrations of (−)-CR-1-31-b or CMLD011580. All experiments were performed in the presence of 1 mM of AMPPNP in a 10 ul reaction containing 14.4 mM HEPES-NaOH (pH 8), 108 mM NaCl, 1 mM MgCl 2 , 14.4% glycerol, and 2 mM DTT and were incubated for 30 min at room temperature prior to FP measurements (PHERAstar FS).
Scientific RepoRts | (2019) 9:1265 | https://doi.org/10.1038/s41598-018-37666-5 pharmacological studies. All pharmacological studies were performed by Cyprotex (United States) following their standard protocols. Plasma stability was assessed using propantheline and warfarin as controls for low and high plasma stability respectively. Briefly, 5 μM of CMLD011580 was incubated in plasma at 37 °C. At indicated time points (five time-points to determine half-life), an aliquot of the mixture was removed, deproteinated and the samples analyzed by liquid chromatography/mass spectrometry (LC-MS/MS). The ability of the drug to bind plasma protein was measured by incubating the compound in plasma in a Rapid Equilibrium Dialysis device and dialyzing against PBS. Four hours later, each side was analyzed by LC/MS/MS. Results are presented as the percent of protein bound and unbound.
Microsomal clearance was determined by incubating 1μM of compound in microsomes in the presence of NADPH at 37 °C. At indicated time points (five time-points to determine half-life), an aliquot of the mixture is removed, deproteinated and extracts analyzed by LC-MS/MS. Animal studies. All animal studies performed were approved by the McGill University Faculty of Medicine Animal Care Committee. All methods were performed in accordance with the relevant guidelines and regulations of the Canadian Council on Animal Care. Liver polysome profiles were assessed in 8-10-weeks old C57BL/6 mice. Animals were injected intraperitoneally with vehicle or 0.2 mg/kg of (−)-CR-1-31-b or CMLD011580. Livers were collected 1 or 3 hours later and washed in cold PBS containing 100μg/ml cycloheximide. Homogenization and sample preparation was performed as previously described 29 .
For in vivo chemosensitization assays, 9 -weeks old female C57BL/6 mice were injected by tail vein with 1 × 10 6 Myr-Akt/Eμ-Myc lymphoma cells per mouse. Following the development of palpable tumors in mice inguinal lymph nodes, mice were treated by intraperitoneal injection for 5 consecutive days with (−)-CR-1-31-b or CMLD011580 (0.2 mg/kg) and/or doxorubicin (10 mg/kg) once on day 2. The latter was prepared in ddH 2 O while rocaglamide derivatives were administered in a 5.2% PEG400, 5.2% Tween-80. Tumor-free survival was assessed by measuring the time between complete tumor regression following drug administration and the reappearance of tumors in the inguinal lymph nodes.
